It is generally accepted that electron impact of doped helium nanodroplets initially produces a positively charged helium atom, which then ionizes the dopant if the two come into contact. In effect the He + can initiate ion-molecule reactions. However, the effect of the surrounding helium on ion-molecule reactions remains ambiguous. To explore this, electron-induced chemistry has been investigated for the diatomic molecules O 2 , CO and N 2 . The helium is found to significantly suppress dissociative ion product channels.
I. INTRODUCTION
Molecules embedded in helium nanodroplets are commonly investigated by optical spectroscopy and/or mass spectrometry. When electron ionization is employed in mass spectrometry, molecules in the interior of helium nanodroplets are ionized indirectly. The ionization process starts with the formation of He + somewhere within the droplet, which then undergoes a resonant hopping mechanism [1] . This positive hole can hop from atom to atom about 10 times before localizing, yielding helium cluster ions [2, 3] . After encountering the dopants, He + can transfer the charge to the dopants, which is always energetically favourable because the ionization energy of any molecular dopant is well below that of helium. The reactions between He + and the neutral dopants can lead to molecular ions being detected in the gas phase by mass spectrometry, although precisely how such ions leave the droplet is not yet established. An alternative means of charge transfer starts from He − , which can act as a two-electron donor and produce both anions and cations [4] . When an electron strikes a helium droplet the production of metastable electronically excited helium (He * ) is another alternative to ionization, and therefore ionization of dopant molecules is also possible by Penning ionization [5, 6] . Ionization through He − and He * generally occurs in larger helium droplets composed of >10 5 helium atoms.
Helium nanodroplets are liquid droplets with a steady-state temperature of 0.38 K for 4 He [7] . This low temperature, the potentially very high cooling rate provided by the evaporative loss of helium atoms, and † Dedicated to Professor Qing-shi Zhu on the occasion of his 70th birthday.
* Author to whom correspondence should be addressed. E-mail: sfy1@le.ac.uk, Tel.: +44-116-2522127, FAX: +44-116-2523789 the very high thermal conductivity of superfluid helium, makes this an interesting environment to study ion-molecule chemistry. Helium droplets can, in principle, reduce the fragmentation of molecular ions through rapid quenching and can therefore aid soft ionization.
However, examples studied so far indicate that ion fragmentation is only marginally reduced by the helium when compared with gas-phase electron-induced mass spectra [5, 8−11] . Exceptions include cyclopentanol, cyclohexanol [10] and triphenylmethanol [2] , which all show significant reduction in ion fragmentation. The role of helium nanodroplets in ion-molecule reactions remains unclear. In a photoionization experiment, Braun and Drabbels used UV light at 266 nm to ionize a CF 3 I molecule embedded in the helium nanodroplet [12] . They found that the neutral CF 3 fragment escapes via a direct mechanism, and only partially transfers its excess kinetic energy to helium nanodroplets. Fárník and Toennies investigated the ionization of binary molecular clusters of N 2 /D 2 and CH 4 /D 2 and found that ionization of molecular clusters in helium droplets starts with charge transfer reactions between He + and one of the dopant molecules, followed by secondary reactions between the primary charge transfer products and the remaining neutral molecules [13] . They also showed that ion fragmentation dynamics can be interpreted by reaction rates at the gas phase reactions and the reaction enthalpy.
Using a sequential pickup method, we have investigated ion-molecule reactions between water clusters and a co-dopant in a core-shell structure, with small water clusters as the core [14] . Reduction in the fragmentation of water clusters was clearly observed by adding a shell of non-polar molecules around the water clusters, such as N 2 , O 2 , CO 2 , and C 6 D 6 . However, this softening effect was accounted by an "energy-in and energy-out" mechanism within the "hot" clusters following the primary charge transfer reactions between He + and the non-polar shell molecules, rather than cooling by the ultra-cold helium nanodroplets. More recently, Leidlmair et al. investigated the ionization of large methane clusters in helium nanodroplets and found a striking similarity between the mass spectra for gas-phase and helium nanodroplet studies [15] , suggesting that helium nanodroplets have a negligible effect on the subsequent ion-molecule chemistry after the positive charge is transferred to the methane clusters.
In this work, we explore the role of helium nanodroplets in primary charge transfer reactions activated by electron impact. To simplify the investigation we have chosen several diatomic molecules, namely, N 2 , O 2 and CO, because they have very limited ion fragmentation channels when reacting with He + . We investigate electron impact mass spectrometry with only one type of molecule added to helium nanodroplets, from which primary reaction products can be identified and the influence of helium on the primary reaction can then be established by comparison with gas phase mass spectra.
II. EXPERIMENTS
The experiments were carried out using a pulsed helium nanodroplet instrument, which has been described in detail previously [16−18] . Briefly, a pulsed valve (General Valve series 99) is attached to a home-made face plate, with the seal between the two being made by indium wire acting as a gasket. The poppet is made from Kel-F and the faceplate has a 0.5 mm aperture through which expansion occurs. At a stagnation pressure of 20 bar and a source temperature of 15 K, the average helium nanodroplet size is N ≈7500 and these conditions were chosen for the experiments reported here [16] . The droplet beam was skimmed and then entered a pick-up cell with an inner diameter of 6 mm. The pickup chamber and the time-of-flight mass spectrometer (TOF-MS) are connected via a 4 mm diameter aperture in order to reduce the free diffusion of gas samples into the mass spectrometer. The partial pressure in the TOF-MS is typically 10 −8 mbar, which eliminates the possibility of reactions caused by collisions between ion products and background gases. The partial pressure of gas samples in the pickup cell was controlled via a needle valve, allowing one molecule to be added to the droplets on average. As detailed later, O 2 + , N 2 + and CO + were prominent ion signals in the mass spectra although large cluster ions were also seen. has an abundance equal to ∼10% of the overall evennumbered O n + ions. The mass spectrum derived from the addition of CO is shown in Fig.2 . The C + and O + ions, will overlap with He 3 + and He 4 + at m/z=12 and m/z=16, respectively, making it difficult to determine their abundances. For 12 C + ion product we refer to our previous work on 13 CO, which has shown less than 1% C + abundance relative to CO + [18] . For the O + ion, even if it were produced, it should have very low abundance in a similar way to the O + product in O 2 clusters, because the m/z=16 ion signal barely has any difference from the He 4 + ion in the mass spectrum of helium droplets without the addition of diatomics. For N 2 , the N + signal observed in the mass spectra is about 3% of that of N 2 + , which is produced partly from the gas phase N 2 in the vacuum chamber. In the gas phase mass spectrum N + has an abundance of 15% [19] ; hence the residual N 2 in the vacuum chamber can increase the overall N + product, and the N + ion generated by dissociation of N 2 during the charge transfer reaction should be even lower. The only odd-number nitrogen cluster ion observed is N 3 + (see Fig.3 ), which has an abundance less than 1% of N 2 + . To understand the role of helium nanodroplets in the charge transfer reactions we first look at the reaction pathways in the gas phase between He + and the selected diatomics, which are strongly in favour of the dissociative products. At room temperature, the He + +N 2 reaction has a branching ratio of 60% for the dissociative channel leading to N + +N [20] , while C + is the dominant reaction product for He + +CO in the gas phase [21] . For O 2 the reactions with He + give rise to O + with a yield as high as 97% [20, 22] .
III. RESULTS AND DISCUSSION
We interpret the marked difference between the gas phase and helium droplet mass spectra in terms of reaction energetics and explore the role of superfluid helium droplets in the reactions, i.e., either the dissociative reactions are suppressed by the droplets, or helium droplets act as a reservoir that allows the dissociative reaction products to recombine into molecular ions. We will focus on the energy released during the charge transfer reactions, which can be dissipated through evaporative loss of helium atoms if the dissociative reactions occur as in the gas phase. Otherwise the dissociative ion products would be ejected from the droplets, resulting in ion abundance similar to that in the gas phase mass spectra.
Using the NIST database [19] , the energetics for dissociative charge transfer reactions can be calculated. For N 2 , the dissociative reaction, He + +N 2 → He+N+N + , will only release 0.26 eV energy, which, in principle, can be dissipated by evaporation of ∼400 helium atoms from the helium nanodroplets (each removing 5 cm −1 energy [7] ). The average helium nanodroplet size is N =7500 in our work, so the droplets can easily accommodate the required loss of helium atoms. As a result no helium droplets will be destroyed by dissipation of the released energy, and N + and N can remain inside helium nanodroplets if they are generated in the charge transfer reaction. Subsequently N + and N can recombine into N 2 + in the droplets. For CO, the He + +CO→He+C + +O (∆E=−2.17 eV) reaction releases more energy than He + +N 2 , which could result in the evaporation of ∼3500 helium atoms. This means that for helium nanodroplets containing less than 3500 helium atoms (corresponding to 20% of the total helium nanodroplets assuming a log-normal distribution [7] ), the dissociative reaction energy cannot be dissipated through evaporation of helium atoms. As a result the C + and O atoms produced through this route in small droplets would be ejected, resulting in a mass spectrum with significant abundance of C + ions. In our experiments a very low yield of C + ions is observed in the mass spectrum (<1%), suggesting that the dissociative reaction channel has been suppressed in the charge transfer reaction between He + and CO.
Even stronger evidence for the suppression of dissociative channels in the charge transfer reactions between He + and diatomic molecules has been provided in the case of O 2 . The reaction He + +O 2 →He+O + +O (∆E=−5.80 eV) is more exothermic, which is able to remove ∼9000 helium atoms. In this case about 75% helium nanodroplets cannot retain O + and O through evaporative cooling. If the He + +O 2 reaction in helium droplets has a similar branching ratio for production of O + as in the gas phase mass spectra (97%), oddnumbered oxygen cluster ions would be prominent in the mass spectrum. An abundance of ∼10% for the O 5 + ion in the mass spectrum strongly suggests that helium droplets have suppressed the dissociative reaction channel.
Finally, we discuss the influence of clusters to the fragmentation of molecules during the charge transfer reactions. For CO, our previous experiments using 13 CO has shown negligible abundance of 13 C + , and its dominant product is CO + [18] . For N 2 and O 2 , the binding energies in clusters are known to be no more than 200 cm −1 , meaning that the influence of the clusters should be negligible to the fragmentation patterns.
IV. CONCLUSION
In this work we investigate the ionization of diatomic clusters in superfluid helium nanodroplets in order to identify the roles of helium droplets. For O 2 , CO and N 2 we have obtained mass spectra dominated by molecular cluster ions, which is drastically different from the gas phase reactions between He + and the selected diatomics. This suggests that helium nanodroplets either suppress the dissociative reaction channel or serve as an environment that allows the dissociative reaction products to recombine. To interpret the results and understand the role of helium droplets we have calculated the reaction enthalpies assuming that dissociative reactions do occur, which would have to be dissipated by the helium droplets. For N 2 the dissociative He + +N 2 reaction releases a low energy of 0.26 eV only, which is not indicative for the role of helium droplets. For CO and O 2 , we have found that the reaction enthalpies are too high to be dissipated by evaporation of helium atoms, in particular, in relatively small helium droplets. Hence the dissociative reaction channels of diatomics must have been suppressed by helium nanodroplets.
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